Solar collectors can provide clean, renewable, and domestic energy. The tilt angle and horizontal direction of solar collectors significantly affect its efficiency. There are many good methods to search the optimum tilt angle and horizontal direction to realize the maximum total radiation on the solar collector within a particular day or a specific period. However, it is hard to realize it when solar collectors are placed under obstacle's shadows; especially when some obstacles, such as trees, have irregular shapes. This paper presents algorithms to achieve the best tilt angle and horizontal direction for solar collector's performance under the free-form surfaces 3D obstacle's shadow. The solution process is composed of 4 steps. First, it creates a 3D scene, in which a unique color is given to the solar collector. Second, it employs orthographic projection from the point of view to get an image of the scene. Third, the number of pixels is used to represent the efficiency of the solar collector by counting the pixels of the unique color. Fourth, the efficiency of solar collector in each direction in a period of time is calculated with many images to further select the best direction.
Introduction
Solar collectors including water heaters and solar photovoltaic panels are widely used in China. Chinese government has made renewable energy a keystone of its energy policy and aims to increase solar power capacity tenfold in the next five years. Photovoltaic cells are converted into electrical energy through the photoelectric effect or photochemical effects of light energy. China's solar cell research started in 1958. In recent years, China has surpassed Europe and Japan and became the world's solar cell manufacturing superpower in 2012. Solar collector's tilt angle and horizontal direction should be regulated according to different latitudes and the radiation period of time. With the best tilt angle and horizontal direction, the radiation on the collector surface is a maximum for a particular day or a specific period. The performance optimization of solar collectors in the world has been extensively studied.
In the widely adopted trigonometric algorithm, it is assumed that there is no obstacle which casts shadow on the solar collector. Most solar collectors installed in the northern hemisphere are oriented to south and tilted at a certain angle. If the solar collector is placed under the obstacle's shadows, it is difficult to calculate the solar collector's optimum tilt angle and horizontal direction by using trigonometric algorithm.
Orthographic projection from the sun's point of view provides information about the solar collector's efficiency [1] . From the sun's point of view, the part of solar collector that can be seen is exposed to the sun. We set orthographic projection from sun's point of view to acquire an image. Then, we can "see" what sun can "see". The orthographic projection from the sun's point of view can be quickly and efficiently obtained with the modern Z-buffer technology in video card hardware and software. Therefore we could use a simple and useful bitmap technique to avoid complex calculations of trigonometric algorithm [2] . In the model, a unique color is given to the solar collector. The area exposed to the sun can be calculated simply by counting the unique color pixel in the images. As a result, the best direction of solar collector can be selected.
Optimum solar collector's tilt angle had been widely studied [3] . The best way for solar collector to receive maximum daily energy is to use solar tracking system. It is possible to collect 40% or more solar energy by using a two-axis tracking system [4] [5] . However, the trackers are costly and consume energy during the operation. Therefore, the practicable way is to choose a best direction for solar collectors. Two kinds of factors affect the value of this optimum tilt angle [6] . The first kind of factors includes reflection properties of sky and ground and actual climatic conditions of the site, regarding snow fall and dust. The second kind of factor is the maximization of the amount of collectable radiation in the whole year or a certain period of time. The theoretical and experimental results indicate that the sky radiation is NOT isotropically distributed at all times [7] . Over the last few years, many models were proposed to optimize solar collectors based on the consideration of sky and ground reflection. There are at least three specific anisotropic sky models to deal with diffuse radiation. The main influencing factor of the solar collector is the direct solar radiance [8] - [10] .
It is well known that solar collectors installed in the northern hemisphere must be oriented to south. The tilt angle with the horizontal is the most important factor that affects the performance of the solar collector. The variation of tilt angle changes the amount of solar radiation reaching the collector surface. The optimum tilt angle was proposed based only on the latitude [11] [12] . Many researchers offered answers to many situations. The φ is the latitude of the location and the optimum tilt angle has many values according to different seasons, such as φ + 10˚ ~ 30˚, φ + 10, and φ − 10 [13] [14] . Based on the latitude of the location (φ), some researchers suggest that the optimum tile angle should have two values: φ ± 10˚ and φ ± 8˚ and φ to add for winter and reducing for summer [15] .
The trigonometric algorithm is generally used to optimize solar collectors. Actually, some obstacles often exist between the solar collector and sun. They cast shadows on the solar collector. In a city, solar collectors are always planted on the top of a building, usually avoiding the fact that solar collector is shadowed by the higher buildings nearby. When this happens, not only tilt angle but also horizontal direction should be calculated. Because some obstacles have irregular shapes, it is difficult to calculate the best solar collector's tile angle and horizontal direction by using traditional methods.
Back to the beginning of the question, the optimum tile angle and horizontal direction mean that within a period of time, this angle allows maximum solar radiation energy. In other words, if solar collector's efficiency within a certain time under some obstacles was calculated, we could accumulate each time in a period. Some research made an important contribution to solve this problem, but the method was very simple [16] . By drawing an orthographic projection from the sun's point of view, we can figure out the insolated and the shaded areas of the solar collector; the area on the solar collector that could be seen is exposed to the sun.
A sun position algorithm is required. We adopted an algorithm, which announces solar zenith and azimuth angles in the period from the year −2000 to 6000, with uncertainties of ±0.0003˚ [17] .
Methodology
Firstly, confirm that you have the correct template for your paper size. This template has been tailored for output on the custom paper size (21 cm × 28.5 cm). Assuming that the sun collector's plane has its area ( A α ) and normal direction is p α . At a certain moment t, the vector from the solar collector to the sun is p β and it just reverses the direction towards the sunlight. θ is the angle between p α and p β . Therefore, A α 's projection area from the p β is A β , which is defined as "effective area" (Figure 1 ).
So Equation (1) is obtained as:
If atmosphere is NOT taken into consideration, the solar collector's efficiency is transformed into the question about the angle (θ) between the vector to the sun and the solar collector's normal (0˚ < θ < 90˚). When the solar collector is directed to the sun, (θ = 0) solar collector can achieve its maximum efficiency. When θ ≠ 0, the efficiency of the sun collector is reduced to cos(θ) of the maximum efficiency.
Getting one Moment Solar Collector's Effective Area
In most of the time, it is not directly facing the sun's moving position. Therefore, it will lose some efficiency. We can use Equation (1) to get solar collector's effective area. If there are some kinds of obstacles, such as buildings, trees and any free-form surfaces 3D objects, between the sun and solar collector, it is difficult to use traditional trigonometric formula to calculate solar collector's effective area.
The simplest way to figure out solar collector's efficiency is to draw an orthographic projection from the sun's point of view and turn the 3D scene into an image. The area exposed to the sun can be seen from the image. When obstacle casts a shadow on the solar collector, the shadow area of the solar collector always shows the obstacle's color. By analyzing the image, collector's area projected from the sun's point of view at that time can be acquired (Figure 2) . We can get solar collector's efficiency in 3 steps: 1) To create a 3D scene, and gives solar collector a unique color. 2) To draw the orthogonal projection from the sun's point of view, a unique color is given to the solar collector and the scene is turned into an image [18] .
3) To count the unique color. The amount of unique color pixels represents the efficiency of solar collector. Orthographic projection has its "projection window", in which "width" and "height" are marked as 
If there are some obstacles, such as buildings or trees, between sun and solar collector, they will "block" the solar collector in the image. Therefore, this part of solar collector will NOT show solar collector's unique color, but the obstacle's own color. Therefore, we can know the shadowed area of the solar collector by reading the color pixel of image. Solar collector's effective area can be read from the image. The energy that solar collector receives from the sun in one period of time can be acquired by counting its pixels in the image which are generated by the orthographic projection. If they are pixel N pixels in one image, it means extraterrestrial solar radiation (J/m 2 ) Equation (6):
Accumulating Solar Collector's Efficiency in One Period with One Direction
By accumulating the solar collector's pixel in many images which have the same interval time in a period, the efficiency of solar collector in a period can be obtained. 
Each image has i x of solar collector's pixels, which have unique color. Therefore, the total pixel quantity in a period is expressed as Equation (8) 
Searching the Optimum Direction among Many Solar Collector's Directions
By accumulating many images with the same interval in a period of time, the efficiency of certain tilt angle and horizontal direction can be obtained. 
Results and Discussion
In order to test the new algorithm, we created a program called "solar collector optimizing".
The program is divided into two parts: the sketch up plugin that gets geometric data from sketch up model and C++ program to detect the optimum angle of solar collectors.
With a model built firstly, we can set the parameters as follows: 1) length and width of a solar collector; 2) latitude and longitude; 3) start date and end date; 4) sampling interval; 5) horizontal search angle range; 6) vertical search angle range; 7) subdivision angle for search.
Moreover, the solar collector's bottom middle point in the 3D scene should be set. In our study case, it is located in south of Beijing in the eastern China at 38.5˚N and 119˚E. The sampling interval is 10 minutes.
We firstly tested a model without obstacle. In the model, the solar collector was directly facing to the south. Then, we used the program to search the best tilt angle. We calculated the result once every 1˚. We got the results for each month and the whole year.
When there is no obstacle, it is easy to determine the optimum tilt angle of solar collectors for building applications. In previous results [15] , the best tilt angle of solar collector at the latitude 38.46˚N was provided. The latitude is close to our location (38.5˚N) (Figure 3) .
Our algorithm can calculate the results for both the cases without obstacles and the scenes with all kinds of obstacles. The number of pixels can be used to measure extraterrestrial solar radiation reaching solar collector.
We tested another model with the same period of time and the same location. However, the solar collectors were installed on the roof of a building surrounded by many buildings as well as an irregular shaped tree (Figure 4 and Figure 5 ). The results of two models are shown in Table 1 .
Comparison of new algorithms and trigonometric algorithms: 1) Precision: The new algorithm will partially decrease the precision because discrete pixels are adopted to express continuous geometry. However, the quantity of pixels in an image is generally more than one million. Therefore, the decrease of the precision is negligible. We can use more intensively sampling rates and shorter intervals to control the precision. 2) Usability: when there is no obstacle, trigonometric algorithm is simple and does not require any model. By simply inputting the location and time, you can calculate the results with the formula. However, in case of obstacles, trigonometric algorithm is very complicated. The new algorithm requires a 3D model.
3) Performance: The performance of the new algorithm is much slower than that of the trigonometric algorithms. The calculation time of traditional algorithm may be neglected, but the calculation time of new algorithm for obtaining a precise result is several hours. The algorithm can be parallelized to improve its speed.
For example, we create an image every 10 minutes from sunrise to sunset, 72 times a day. Therefore, we need to analyze 72 images for one day. It is assumed that horizontal angle optimal range and vertical angle optimal range of the solar collector are respectively 90˚ and 50˚. We make one image every 5˚. To optimize solar collectors in a season (120 days), we need to make 72 × 19 × 11 × 120 = 1805760 images. With modern graphics technology, the analysis task can be quickly performed. Our programs completed this analysis task within 30 minutes.
Conclusions
In previous studies, the commonly used algorithm is trigonometric algorithm, which cannot handle complex free-form obstacle objects in the urban environment.
In this paper, with the orthogonal projection algorithm, the best direction of solar collectors during a period of time could be calculated. In a 3D scene with many obstacles, a unique color was given to the solar collector. With the modern graphic technique, the image of the scene in the sun's point of view could be acquired. By counting unique color pixels in the images, the efficiency of solar collector in one moment could be obtained. Through the analysis of a series of images, the efficiency of a certain direction solar collector during a period of time could be acquired. By comparing the results of different directions, we can find the best direction. Compared with previous results, the new algorithm can handle any situation with 3D model. Compared with the trigonometric algorithms, the new algorithm allows the error less than 2.5%.
Although there may be many factors at play with respect to certain type of solar collectors, for example, PV's efficiency is also affected by ambient temperature (in turn affecting the back-face surface temperature) together with the solar cell type, while our new algorithm can be extended to a lot of solar radiation and constructionrelated fields to calculate sunlight energy through the window of during a period of time.
